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Ref: CMS-PAS-HIG-11-008

» Charged Higgs boson is predicted by extensions of Standard Model with two Higgs
doublets, such as MSSM ( 5 higgs predicted : H,h, A and H*)

> Production and decay at tree level depends on M,and tan 3 = v,/v,

Light H+ (m,,<m.):  pp — tE — HTOWFD Heavy H+ (my,>my): pp — tH* (tbH™)

m,, = 100 GeV/c?

E MSSM | |,
Search assumptions : £ 5
5 b
My, <My, , H*—>1v, BR(H*—1V) =1 (high tanp) 5
a
Three channels included : "
tanp
1) Hadronic tau decay, hadronic W decay (Thad + jets ) : H* — 7y, WF — 44
2) Hadronic tau decay, leptonic W decay (1, +1) : HE* -y, WT — pv
3) Leptonic tau decay, leptonic W decay (e + [) : H* = rv,7 — e()v, WT — p(e)v
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Ref: CMS-PAS-TAU-11-001

> Experimental signature of hadronically-decaying taus (1, ) is a collimated
jet of up to three charged particles and photons from m”s decay.

»Tau reconstruction (HPS algorithm) uses Particle Flow objects, with selection
applied on isolation (loose,medium,tight working points), mass and
collimination. Additional selections applied to reject electrons and muons

Hadrons Plus Strips Algorithm

cluster gammas into m° build all possible taus
candidates using n-¢ strips  that have a ‘tau-like’ multiplicity
from the seed jet

r[+

T
T T T

tau that is ‘most isolated’
with compatible my;s

is the final tau candidate

associated to the seed jet
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Main backgrounds: QCD multi-jet, tt, W+jets

General selection strategy: suppress
QCD multi-jet background below tt and
other backgrounds

Event Selection :
> Trigger: Single tau + E;™ss trigger
> One tau : 1 prong , p; > 40 GeVi/c,

Events / 20 GeV

p.(leading particle)>20 GeVI/c, tight isolation
> E.mss > 70 GeV
> At least 3 jets, p; > 30 GeV/c, |In| < 2.4

> At least one b-jet

After all selections except ==
Tau isolation and b-tagging

Nuno Almeida, SUSY 2011

1.08 fb-1 of data used
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Ns=7TeV ‘I.OS| fb’ (|3MS I|3relim|inary

Summary of event yields after final selection g 0PET -

Source Nevens z% 10’ ,L..,L.HE.‘;;;EUH?:;T"'Z .‘Eét'.z“f _
HHEHW, g = D0GEV/ BR02 | 12126 (stat) 29 yst) oE =“ 3
0CD mulfiet 75405 (at sy 10° Bporoet 3
BWK# 1 7145 (stat) 416 sy 10 AAncsame 3
WK+ 1 fakes 508 MCstat) £10(yst) | 100 .
Totalexpected fromthe M | 4™ 8245 (stat) 16 syst] ™, (T e
Data 104 10

Major bakgrounds
measured from data :

&g

T

1 1 23, =g,
Soyf & vy, Sof vy 2ot b jos

»>QCD multijet background estimation uses factorisation of E;™ss + b-tagging sel. efficiencies
>»EWK + ttt taken from data using embedding simulated taus in muon events

t—@ger Tip

Data agrees well with the SM expectations within the uncertainty
NO excess observed !
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1.09 fb-1 of data used

T T-jet
_ HT..-<<‘
Main backgrounds : tt,\W+jets /9 V

. — v
Event Selection : g/q W ee/ )
> |so. single muon trigger (p; > 17 GeV/c)
\s=7TeV, 1.09 fb' CMS Preliminary
> One isolated muon p, >20 GeV/c 2400 0 T N edam
% - QCD
> At least 2 jets p.>30 GeV/c = F =ﬁwﬂﬁf
e DY +jets

» E,mss > 40 GeV 10° &= = Diboson
> One tau : p, >20 GeV/c, loose isolation '
» Opposite-Sign between muon and tau 10?
> At least one b-jet

10

After selectionsof == 0 20 40 60 80 100 120 140
miIss
one muon and 2 jets Er [GeV]
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Summary of event yields after final selection \s=7TeV, 1.09 fb' CMS Preliminary
[ [

‘% 105r: m,. =120 GeV/ic>, | +d§|ta %
Source Nevents £ Stat. £ syst. z ' BR(t — H'b) = 0.2 "o "Q""[t:hD"F — w3
HH-HW, my; =120 V)2, BR=02| 3B 87167 | < 105 eesuces s
T fales 1630 £ 9.7 + 173 DVriets
t — WHWb — fvb b 1527+ 28 + 350 10° A
tt — WbWb — (vb (vb 13208 £35 7
Z/7* — ee, 07 405405 10° B . 3
ZIv =11 30.9 = 3.6 =6.0
Single top 138+ 0.7 % 21 10°
Wy A0 | 4
Total expected from the SM o 3767 £ 108 £ 30.7 | 'u_
Data 361 1
Background measured from data Tlep , . & by, Iz Os
with tau fake rate method =3 ot d

Data agrees well with the SM expectations within the uncertainty
NO excess observed

Nuno Almeida, SUSY 2011 7



Summary of event yields after final selection

Source Nevents £ stat. £ syst.
HH+HW, mp-=120 GeV/c2, BR=02] 210 £ 7 + 43
tt 1094 = 6 £ 219
7y =1 98 +3+12
W-tiets 18 +3+2
Single top 0+1=+4
v U704 ]
Total expected from SM _,“"1'264 + 7+ 21@"".‘
Data .. B0 ¥

Main background : tt
Event Selection :

> e-u trigger

>One isolated e (p;>20 GeV/c)

>0One isolated p (p>20 GeV/c)
> At least 2 jets (p>30 GeV/c)
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0.98 fb-1 of data used

_t T Tau decays

g/q W- leptonically
u/e
_Ns =7 TeV, 976 pb”’ CMS Preliminary
E my. = 120 GeVic?, —e—data
- BR(t > H'B) =02 L g
N W+jets

I tt+jets

] DY+jets
I Single t
B Diboson

2 leptons

M,>12 GeV/c? =2 jets

Deficit of total events expected in the

presence of charged Higgs boson,

because e/l from T decay become soft



fully hadronic muon+tau electron+muon
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95 % CL upper limit on BR(t—H*b) using CLs method.

The signal is modelled as the excess (or deficit) of events yields in presence of H*
N =N =N M=N,, 2(1-x)x + N,,, x> + N’ ((1-x)>—= 1) , x = BR(t—H"*b)

excess (deficit)
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combination of the fully hadronic, muon + tau and electron + muon channels

—~ 0.3

bH"

0.25

o
(S

95% CL limit for BR(t—
o =
B A R

o
o
3

\Ns=7TeV 1.1fb" CMS Preliminary

L t—H'b, H —»1v
- Hadr.-l-mh-l-ep final states

" BR(H —»tv) =1

=8~ Observed
=<l Expected median
I:I Expected median +1 ¢

I:I Expected median 2 ¢

80 90 100110120130140150 160

m,. (GeV/c?)

Tevatron limit ; 0.15-0.2

V.M. Abazov et al.

Phys.Lett. BBE2:278-286,2009

arXiv:0908.1811
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> Standard model extension by a scalar  ,, , ¢++¢— - (e
triplet adding three new particles f

Ref: CMS-PAS-HIG-11-007

pp = OO — fffﬁfk_w

q Fq 3
- O+, O, PO (type-ll seesaw model ++ +
(typ ) oy U <|j w2 <r;
> Triplet responsible for neutrino masses, /""" A oo "I
the couplings being directly linked to the o < .
. — 1
mass matrix q L g Vi
E 1 b, Pair-production (NLO}
. : — \\ ----------- Pair-production (LO)
» Unknown neutrino mass matrix = N o (L)
:g D '\ ----------- Associated production (LO)
- unknown branching ratios 3 "\'..\
(7))
w 107
- we assume decays to leptons only 4
|
o
» Six standard searches covered, where
10
BR(P-21'*)=100%
» Four additional model dependent :
points to describe the neutrino sector 10790 150 200 250 300 350

with different mass hierarchies
Nuno Almeida, SUSY 2011

Mass of & [GeV]
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Four additional model dependent points :

> BP1 describes the neutrino sector with normal mass hierarchy and a massless lightest
neutrino, m, =0 eV

> BP2 describes the same but with the inverse mass hierarchy

BP3 represents a degenerate neutrino mass spectrum with m, = 0.2 eV

> BP4 represents the degenerate case in which all ®** branching fractions are equal

| Normal hierarchy (BP1) Pee | Inverse hierarchy (BP2) | Pee Degenerate v-masses (BP3) | Pee | Equal branching ratios (BP4) | Pee
e e gen e
[ex [ex [ex [er
| [ [ [On | g | [
Hur [ue Hue Hu
it i i i
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0.98 fb-1 of data used

> Signatures: 3 or 4 leptons in the final state, dilepton made by same sign lepton

» Backgrounds: ZZ, WZ , Z+jets, tt+jets, (W+jets, QCD)

Pre-selection:
Selection Strategy:

E At least two leptons with p_>35/10 GeV/c

E Loose isolation requirement
> Lepton id, tight isolation, charge matching E Veto of low invariant mass resonances (< 12 GeV)

> Dilepton triggers

> 2p; cuts on leptons

»>Additional topological cuts on leptons depending on
> Z mass veto final states with three or four leptons

» Cut Ag between leptons

= Events are counted in the mass window depending on
the Higgs boson mass considered

» Control from real data of the lepton-related efficiencies, background estimation is
driven from data using the sidebands method

> Inclusive search in order to cover the whole phase space.
Nuno Almeida, SUSY 2011 13
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= CMS Preliminary
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Equal branching ratios: BP4
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CMS Preliminary
BR(®"— e'e*)=100%
BR(®"— e'u*)=100%
BR(®""— u*'u*)=100%
BR(®"*— e*t")=100%

BR(®"— u*1")=100%

BP1: normal hierarchy
BP2: inverse hierachy
BP3: degenerate masses

BP4: equal branchings

Nuno Almeida, SUSY 2011

- Excluded by Tevatron or LEP
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H+ and ®* analysis performed with ~1 fb™ of 2011 CMS data

H* search :

> Three channels included (fully hadronic,p+t__ ,e+p)

» No excess of events observed
» Upper limits of 4-5 % placed on BR(t—H"*b) in mass range of 80-160 GeV

®** search :
> A fully inclusive search has been performed with no excess observed

» CMS has the best limits in most of channels

Nuno Almeida, SUSY 2011 17
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Pixel

Tracker
ECAL

HCAL
Muons
Solenoid coil
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T6k scintillating ‘ M S
ECAL PbWO, crystals

HCAL Scintilatorbrass

interleaved Muon

3.8T Solenoid End-Caps

Cathode Strip Ch ACSC)
Resistive Plate &h. (RPC)

Pixels & Tracker

 Pixels (100x150 pm?2)
~ 1 m2 66M channels
= Silicon Microstrips
~210 m? 9.6M channels MUON BARREL
Drift Tubes (DT) and
Resistive Plate Chambers (RPC)



muon+tau e+muon

s =7 TeV, 976 pb"' CMS Preliminary
T T T | T T T I T T T | T T T | T

_ -1 ..

o \:Jl'g T ? .1—|‘e“|r’ |1.0|9 fb T |CIV|IS |Pr|ell|mllna|r}(| T 21 200 LI
- B - + - 1 < i T (WW + WH™ + HTH)
S L =—— (i (WW + WH* + H'H) 1 @© - e WW (t — W-bWB) ]
=>1000— o WW (1f - WDW ) =\ TH000 _
w I WHZ (1f — W*bH"B) quw L N T WH= (tT > W*bH™b)
- === H*H* (1 > H'bH'B) - - “- -  H'H® (1T — H'bH'B) :
800 _ , I 800 m,,. = 120 GeV/ic®? —
[ My = 120 GeVic o - B ’ ey final state ]
~ ut final state o - B B
600~ ] 600+ * —
400~ e T - 00l R
200 e R 200~ . O —
] T -~ - - e i .
0 :-.:.l a1 ) -l L l‘ i"' “Tm”“l””'.“J”m"']'"'"'J'""'-wmrru--«..l-, by 5] 0 _e‘.': T i ) T . -| P T T R L”""ﬁlhm"'f""'"h-m.a.: <
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

BR(t — H'b) BR(t — H'b)
x = BR(t>bH*)
N, (in presence of H*) = N, 2(1-x)x + N,,,, x* + N >V (1-x)?
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QCD multi-jet background, measured from data
Method based on factorisation of E.™+ b-tagging from other selections

Apply same selections like signal analysis but in different order.

Factorize €(E,™ + b-tagging ) at a selection level where QCD contribution dominates.
€ (E,ms + b-tagging ) estimated in bin of T p.

»EWK+ttT background (genuine taus within p,, N acceptance), measured from
data

Based on tau embedding method

Select events with only one isolated lepton (p; > 40 Gev/c, |n| <2.1) and 3 jets (p; >30 GeV/c, [n] <
2.4). Replace the muon by a fully simulated and reconstructed tau with same momentum.

> EWK+ttT fakes background (e/p/jets mis-identified as taus, or genuine taus
outside p,, n acceptance)

Expected to be small, estimated from simulation
Nuno Almeida, SUSY 2011 21



Same selections like in signal analysis, but applied in different order to select from

data sample where QCD multi-jets dominate _

Number of events mds:gnal region estlmadt:ad with MC expectation 74+03
NQCD = Zi Nselected,i X fpresel,i X EMET+b_,i ° a’

where i is tau p; bin and f fraction of QCD multi-jet events 7.5£0.5

(stat.+syst.)

Tau+MET trigger
Tau candidate selection
— Trigger matching, jet p>40 GeV/c, |n|<2.1, Idg. track p;>20 GeV/c, e/u veto, select exactly one tau cand.
Veto of isolated electrons muons (p>15 GeV/c) and muons (p;>15 GeV/c)
Jet selection:
— Nijets2 3 with Er>30 GeV and |n|<2.4in addition to the tau candidate, AR(t, jet)<0.5

¥ ¥

data * taulD (HPSTightisolation && Nprongs=1)

CMET+b-tag,i
* Factorize out MET+ b-

taggingcuts in bins of tau N data
candidate p; (MET>70) selected, i
« Sample purity 60-90 % * Numberof events after taulD

* Sample purity 50-90 %

Nuno Almeida, SUSY 2011 22



* Control sample selection
> One muon, p,; > 40 GeV/c, |n|<2.1

*|solation by requiring no HPSTight-quality
PFCandidatesin 0.1<AR< 0.4

> Veto of isolated electrons and other muons, p, > 15 GeV/c

> At least 3 PF jets, p, > 30 GeV/c, |[n| <2.4

* Tau embedding at PF level

Simulate and reconstruct tau with same momentum as muon

* Normalisation

> Tau trigger efficiency with weighting by efficiency
> MET trigger efficiency with

”vector sum caloMETnoHF” > 60 GeV

> Muon trigger and ID efficiency with Tag and Probe

Result: 71 £ 5 (stat) + 15 (syst)
MC expectation: 78 + 7 (stat)

Nuno Almeida, SUSY 2011
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Table 1: The systematic uncertainties (in %) for the backgrounds and the signal from # —
H*bHTb (HH) and tf - W*bHTb (WH) processes at niy+=80-160 GeV/c?.

HH WH QCD | EWK+tt EWK+tt v fakes

T tt | tW | Whets | ZHets | VV
T — piS trigger | 24-26 | 24-25 96 2 [ 2] 22 24 | 23
T-jetid 7.0 7.0 7.0
jet, £ — T mis-id 15 15 15 15 15
JES+]ER+MET 13-17 | 14-19 18 17 | 25 14 19 22
lepton veto 0.2-03 | 03-04 1.5 | 0.6 0.6 0.6 0.7
b-jet tagging 12-15 14-16 16 17
jet—b mis-id 13 10 11
QCD stat.+syst. 7.1
EWK+tt T stat. 6.8
fﬂV—}T%}l 0.7
muon selections 0.6
MC stat 41-70 | 4.8-7.2 163 | 56 100 100 90
cross-section 20 20 20 8 5 4 4
luminosity 6.0 6.0

Nuno Almeida, SUSY 2011
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CMS Preliminary

Fake Rate

Main background from “fake” tau jets

major contribution : W+jets, tf — ¢ + jets

W+21jet

-
e

Jetp, =20 GeVie, |n| = 2.4
T p, = 20 GeVie, | = 2.4

-
o
3
HI.I.[L| | \HHH' | H\I.LIJ_J

-——.— .

[ —

-+

Data driven background estimation :

- Select jets in events with :
1 lepton + MET + =3 jets
+ > 1 b-tagged jet

- Apply to every jet a
“jet— T probability (pt,eta,jet width )”
Jet width = V(0> + 0,)

Jet — T probability measured from data
from different type of samples
(QCD dijets, W + 21 jets )
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mu-+tau channel

" HH | WH | i, | Hs | 7 fakes | Single top | VV | DY(u) | DY(77) |

T-jet id 7.0 7.0 7.0 7.0 7.0 7.0
jet, ¥ — T mis-id 15.0 15.0
JES+]ER+MET 6.0 4.0 3.0 3.0 8.0 2.0 71.0 14.0
b-jet tagging 6.0 | 60 | 50 | 50 8.0
jet—b mis-id 8.0 Q.0 9.0
muon selections | 1.0 1.0 | .o | 1.0 1.0 1.0 1.0 1.0
T fakes (stat) 6.0
T fakes (syst) 11.0
cross-section 20.0 8.0 4.0 4.0
MC stats 3.0 | 3.0 | 20 | 6.0 5.0 80 | 71.0 | 120
luminosity 6 6
e-mu channel
HH | WH | ff | DY() | W+jets | Single top | VV
JES+]JER+MET 2.8 2.8 2.8 7.0 6.0 49 4.8
dilepton selection | 25 | 2.5 | 25 2.5 25 2.5 25
cross section 20.0 | 20.0 | 20.0 4.0 5.0 8.0 4.0
MC stats 7.5 3.4 0.5 3.2 16.0 2.5 2.7
luminosity 6
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Model point m CMS @ 36 pb* CMS @ 0.98 fb- Only pa-lr'
production

BR(®P*->ee)=100%
BR(P*->el)=100%
BR(P*->up)=100%
BR(®*->eT)=100%
BR(P**->UT)=100%

BP1

BP2

BP3

BP4
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133 GeV
115 GeV
150 GeV
112 GeV
144 GeV
N/A
N/A
N/A

N/A

144 GeV
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156 GeV

106 GeV

106 GeV
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131 GeV

130 GeV

127 GeV

313 GeV

313 GeV

313 GeV

254 GeV

266 GeV

269 GeV

297 GeV
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289 GeV

274 GeV

275 GeV

277 GeV

211 GeV

219 GeV

236 GeV

263 GeV

258 GeV

255 GeV
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Pre-selection:

B At least two leptons with pT > 35/ 10 GeV

B oose isolation requirement

EVeto of low invariant mass resonances (< 12 GeV)

Label Selection
EThree lepton Pre-selection Correct topology (++- or - -+)
final state: Scalar sum of pr Y. pr > m(P) +80GeV
Relative isolation 3 relIsoyepton < 0.1
Veto of events containing a Z boson min|m(£T47) —mz| > 6 GeV
Opening angle between same-sign leptons p(44*+) < 1.8rad
Counting of events in a mass window m(£E41) € (mypyer, m(P)+10 GeV)
EFour lepton final state:
Label Selection
Pre-selection Correct topology (++- - or - -++) + optional extra leptons
Relative isolation Y. rellsojepton < 0.125
Scalar sum of pr Y. pr > m(D) +80GeV
Counting of events in a mass window m(£TL7) € (mypyer, m(D)+10 GeV)
m(£=27) € (mygyer, m(P)+10 GeV)

The backgrounds have been measured from data extrapolating from sidebands
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* Background is driven from data using the sidebands method

* Control region is the 1D or 2D (depending if it’s 3- or 4-lepton analysis) region in
the invariant mass distribution outside search mass window after the tight

isolation requirements

0 = Ngg / Neg in MC

Ngg = O (Ngg>+1)

ANy = 1/sqrt(N gP2e+1)

* If not enough statistics available in SR
or CR the MC statistical uncertainty
is used and a 100% error is attached

0 20 40 60 80 100 120 140 160 180 200 ?20 240
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Lepton ID+RECO+Isolation+k-factors (e and [ unified) 2%
Tau jet ID+RECO+Isolation 8%
Trigger + primary vertex finding 1.5%
Signal cross section 10%
Luminosity 6%
iJcr;:rtainty on 0, comes from PDF, QCD scale and lepton energy 5% / 100%"
Statistical uncertainty of signal MC 1-7%
Statistical uncertainty on observed events in control region 5-100%"

" If not enough statistics in MC are available and statistical uncertainty is used, then
100% is used as the uncertainty on the ratio
~ Varies by channel, background topology and search mass

Limits are calculated with the CLs method in five categories based on lepton count and

number of tau jets in the final state
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